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In historically fire-dependent upland oak forests of the eastern U.S., anthropogenic fire
exclusion is likely causing a hypothesized feedback loop between an increase in fire-sensitive
species and self-promoting, fire-free conditions at the detriment of oak regeneration. This study
determined how shifts from oaks (Quercus stellata and Q. falcata) to fire-sensitive non-oaks
(Carya spp., Liquidambar styraciflua, and Ulmus alata) affected flammability and related
processes that consequently determine species composition. Using treatments of increasing nonoak leaf litter, experimental burns were conducted and flammability measured under field
conditions, and a laboratory litter moisture desorption experiment was conducted. As litter
composition shifted from oak-dominated to non-oak-dominated, flammability decreased (R2 =
0.59, P < 0.001) and moisture-holding capacity increased (R2=0.88, P<0.001). To prevent further
shifts toward fire-free conditions and loss of economically and ecologically valuable oaks,
prescribed fire should be reintroduced soon while oak maintains overstory dominance and
controls forest flammability.
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CHAPTER I
COMPOSITIONAL SHIFTS IN UPLAND OAK FORESTS ALTER LEAF LITTER
MOISTURE DYNAMICS
Abstract
In historically fire-dependent upland oak forests of the eastern United States, fire
exclusion is likely causing an increase in fire-sensitive non-oak tree species that may alter future
fire regimes when coupled with decreases in oak abundance. In this study I examined moisture
dynamics and leaf litter traits, two mechanisms that influence fire behavior, of two upland oaks
(Quercus stellata and Q. falcata) and three non-oak species (Liquidambar styraciflua, Carya
spp. and Ulmus alata) found in north Mississippi. In-lab moisture retention and drying
experiments of mixed and single species litter revealed that initial moisture content increased
with increasing proportion of non-oak leaf litter (R2 = 0.87, P < 0.001) and that U. alata, gained
~ 1.5x more moisture than Q. falcata, which gained the least. Differences in leaf traits that
influence litter flammability were evident among species, with oaks producing litter that is on
average ~1.5x thicker and ~1.8x larger than non-oak litter (P < 0.001). Differing leaf traits and
fuel moisture dynamics among species with varying fire tolerances potentially explain a
mechanism whereby fire-sensitive non-oaks create self-promoting conditions that may
jeopardize the future use of prescribed fire to prevent the loss of oak as a foundation genus.
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Introduction
Upland oaks (Quercus) were prehistorically and historically dominant in forests across
the eastern and central United States (Abrams, 1992) but have experienced regeneration failure
and issues recruiting into the overstory within the last 100 years (Abrams, 2005). Likely due to
the lack of fire, changing herbivore populations, and land use change, upland oak forests are
shifting from oak dominance to dominance by fire-sensitive species (McEwan et al., 2011).
Many of these species are shade tolerant and proliferate in the shaded understories created by the
lack of fire and often suppress fire-tolerant, shade-intolerant oaks (Abrams, 1992). Once
established, these fire-sensitive species are hypothesized to outcompete oaks via a complex
hypothesized feedback loop called mesophication that results in shaded, cooler, moister
conditions with dampened flammability when compared to historic conditions that continue
(Nowacki and Abrams, 2008; Alexander and Arthur, 2010, 2014).
The variable effects of tree species on forest flammability is driven in part by differences
in leaf traits including leaf size and curl that influence fuelbed conditions including moisture
content, fuel mass, and bulk density (Scarff and Westoby, 2006, Varner et al., 2015; Grootemaat
et al., 2017). Moisture content of fuels, primarily leaf litter in upland oak forests (Brewer and
Rogers, 2006), has a large impact on flammability and fire behavior due to lowered probability
of ignition and rate of spread from increased moisture content (Rothermel, 1972). Additionally,
as litter fuel moisture increases and bulk density also increases, fuelbed compaction decreases
ignition probability (Plucinski and Anderson, 2008). Due to influences on fuel structure and
porosity, characteristics of individual leaves impact fuelbed moisture uptake and retention
(Kreye et al., 2013). Thin, small, flat leaves are generally associated with more tightly packed
fuelbeds (Schwilk and Caprio, 2011; Cornwell et al., 2015) that gain more moisture and lose
2

moisture more slowly than aerated, loosely packed fuelbeds made up of large, thick, curly leaves
(Kreye et al., 2013). Individual leaf characteristics not only influence moisture uptake and loss
but also flammability. For example, larger, more curly leaves burn with greater flame heights
and consume more fuel than smaller, flatter leaves (Engber and Varner, 2012). Additionally,
time to ignition decreases with increasing specific leaf area (Grootemaat et al., 2015). When
flammability and litter drying are both considered, changes in leaf traits potentially explain
altered fire regimes in upland oak forests.
Fine fuel availability and mass may also change with decreased oak dominance.
Compared to litter of several upland oaks, leaf litter of fire-sensitive species decomposes more
quickly leading to decreasing fuel loads as has been demonstrated in experiments with red maple
(Acer rubrum L.) (Dickinson et al., 2016; Alexander and Arthur, 2014; Babl, 2018). Several
studies have demonstrated that oak litter has higher initial lignin, higher carbon:nitrogen ratios,
and higher initial carbon concentrations and therefore decomposes more slowly than litter of
non-oak species including red maple and tulip poplar (Liriodendron tulipifera L.) (Melillo et al,
1982; Blair et al., 1990; Alexander and Arthur, 2014). Additionally, the thicker, denser leaves of
many upland oaks are more resistant to decomposition when compared to fire-sensitive species
(Abrams, 1990).
If eastern upland oak forests undergo mesophication, fire-sensitive species that were
previously rare in upland forests or restricted only to floodplain or cove forests will continue to
increase in dominance (Nowacki and Abrams, 2008; Surrette et al., 2008; Brewer, 2015; Knott et
al., 2018). Many of these fire-sensitive species are also shade tolerant and are able to persist in
closed-canopy forests, but several shade-intolerant or moderately shade-tolerant species
including tulip poplar and sweetgum (Liquidambar styraciflua L.) are also able to establish in
3

closed-canopy forests and potentially alter fire regimes. Here, I seek to determine the impacts of
increasing dominance by fire-sensitive non-oak species in an upland oak forest in north
Mississippi on fine fuel moisture dynamics and leaf litter decomposition by manipulating
contributions of non-oak leaf litter to the fuelbed and describing leaf structural characteristics of
each species that makes up litter mixtures and may influence moisture dynamics. Specific
objectives are to examine how varying leaf litter traits of non-oaks found in north Mississippi
differ from those of upland oaks and assess how fire-sensitive non-oaks interact with pyrophytic
upland oaks to influence fuel moisture dynamics in species mixtures of increasing non-oak leaf
litter contribution as well as single species fuelbeds. An additional objective is to describe
impacts of non-oak leaf litter on decomposition of mixed species litter. I hypothesize that 1)
when compared to non-oaks, upland oaks will exhibit traits associated with less moisture gain
and more rapid moisture loss including thicker, more curly, larger leaves, 2) increasing non-oak
leaf litter contribution to fuelbeds will lead to higher initial moisture content and slower moisture
loss rate than upland oaks, and 3) increasing non-oak litter in leaf litter mixtures will increase
decomposition rates likely due to thinner, smaller leaves. Examining moisture dynamics of
mixed oak and fire-sensitive litter mixtures and single species litter will inform management of
eastern and central oak forests that are becoming increasingly less flammable and contribute to
knowledge of both the mechanisms and implications of mesophication.
Methods
Study area and leaf litter collection
Leaf litter was collected from upland hardwood forests at Spirit Hill Farm (SHF;
34°41’N, 89°42’W), approximately 30 km west of Holly Springs, Mississippi. Stands consisted
of an oak-dominated overstory (≥20 cm diameter at breast height (DBH)) with a total basal area
4

of 21.3 m2 ha-1 and density of 210 trees ha-1. Southern red oak (Quercus falcata Michx.; 64.2
trees ha-1; 7.3 m2 ha-1) and post oak (Q. stellata Wangenh.; 53.1 trees ha-1; 6.6 m2 ha-1)
dominated the overstory. The midstory (10-20 cm DBH) had a total basal area of 3.0 m2 ha-1 and
density of 213 trees ha-1 and was dominated by winged elm (Ulmus alata Michx.; 42.9 trees ha-1;
0.6 m2 ha-1), sweetgum (Liquidambar styraciflua L.; 48.6 trees ha-1; 0.1 m2 ha-1), and hickory
(Carya spp.; 39.6 trees ha-1; 0.6 m2 ha-1). Southern red oak and post oak were the most abundant
oak species as seedlings (1072 seedlings ha-1 and 2057 seedlings ha-1, respectively), but the two
most abundant species, sweetgum (4674 seedlings ha-1) and winged elm (4005 seedlings ha-1),
each had seedling densities greater than southern red oak and post oak combined. Southern red
oak and post oak, in addition to black oak (Q. velutina Lam.) and blackjack oak (Q. marilandica
Munchh.), historically dominated upland oak forests in the north Mississippi, while species
including sweetgum, winged elm, red maple, and black gum (Nyssa sylvatica Marsh.) were
historically absent or restricted to floodplain sites (Brewer, 2001; Surrette et al., 2008). Although
typically associated with fire-prone ecosystems, mockernut hickory (Carya tomentosa (Poir.)
Nutt.) has exhibited a documented increase in recruitment and decrease in mortality (Brewer,
2015). The average annual temperature is 15.7 °C and ranges from 4.0 °C in January to 26.3 °C
in July, and the average annual precipitation is 1346 mm y-1 (National Oceanic and Atmospheric
Administration, 2017). Soils are of the Providence-Ruston, Providence silt loam, and RustonProvidence complexes and are described as moderately well drained silty loams and sandy loams
(Huddleston, 1967).
I collected leaf litter of the five most abundant species in the midstory and overstory at
SHF (southern red oak, post oak, sweetgum, hickory, and winged elm) using a combination of
suspended collection nets and hand collection during October 2017-February 2018. Hickory
5

leaves were collected from all species within the genus found at SHF (pignut hickory (Carya
glabra Mill.), mockernut hickory, bitternut hickory (C. cordiformis (Wangenh.) K. Koch), and
shagbark hickory (C. ovata (Mill.) K. Koch) because of difficulty separating fallen litter to
species and similarities in leaf characteristics. I collected litter from the Oi layer that showed no
obvious signs of decomposition. Litter was air dried and stored under laboratory conditions in
cardboard boxes until processing.
Leaf litter traits
I measured individual leaf traits that influence flammability and moisture gain and drying
on a subsample (n = 50) of collected leaves of southern red oak, post oak, sweetgum, hickory,
and winged elm. Leaf curling was measured as the maximum height of the leaf, in the condition
collected in the field, when laid horizontally on a flat surface. After bisecting the leaf halfway
between the leaf base and apex and perpendicular to the midvein, I used calipers to measure the
leaf thickness near the margin and near the midvein and averaged the two values. Leaf perimeter
and surface area were determined using a scanner and threshold-based pixel count measurement
in ImageJ software (Abràmoff et al., 2004). Leaves were oven dried at 60 °C for 48 hr and
weighed to determine the oven-dry mass. Specific leaf area (SLA) was calculated as the onesided surface area of the leaf divided by its oven-dry mass. Leaf volume was calculated as the
one-sided surface area multiplied by thickness, and surface area to volume ratio was calculated
as the two-sided surface area of the leaf divided by volume. The leaf dissection index (LDI),
which describes the degree of dissection or lobing of a leaf, was calculated as the ratio of
perimeter to the square root of area (McLellan and Endler, 1998). Higher values represent more
incised leaves while leaves with lower LDI values have less serrations or lobes.
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Moisture dynamics
To examine moisture dynamics of leaf litter, I constructed litterbeds in the lab using
collected litter, soaked litterbeds, and weighed them during drying until a constant mass was
reached using methods described in Kreye et al. (2013, 2018). I constructed 15 g litterbeds (n =
5) of four treatments of mixed oak (southern red oak and post oak) and non-oak (sweetgum,
hickory, and winged elm) litter with increasing contribution from non-oak leaf litter (0%, 33%,
66%, and 100% non-oak litter; Table 1.1). Within mixed-species treatments, individual species
proportions were based on the combined midstory and overstory density of each species, with the
33% non-oak mixture representing current stand conditions as described above in the study area
description. I also constructed 15 g litterbeds (n = 4) from single-species leaf litter of the same
five species. Litterbeds were oven dried at 60°C for 48 hr to determine the oven-dry weight and
then allowed to equilibrate under laboratory conditions. Next, litterbeds were soaked in water for
24 hr, removed, and placed in elevated metal pans with drainage holes. I weighed litter after
soaking to determine initial moisture content, then litter was then allowed to dry under laboratory
conditions for approximately 48 hr or until equilibrium moisture content was reached. Assuming
a negative exponential desorption response (Kreye et al., 2012), litterbeds were weighed more
often during early stages of drying than later stages (i.e. every 30 minutes for the first 4 hr, every
hr during hr 5-12, every four hr during hr 13-16, etc.).
Decomposition study
To determine the effects of increasing non-oak litter on decomposition rates, I used a
traditional decomposition bag study (Bocock and Gilbert 1957). Treatments were the same four
combinations of mixed southern red oak, post oak, sweetgum, hickory, and winged elm litter
used in the moisture dynamics experiment (Table 1.1). A total of 5 g of collected leaf litter was
7

placed in 20 x 20-cm mesh bags with unique identification numbers, and 160 bags were
deployed (4 treatments, 8 pickups, 5 replicates). Bags were installed at SHF in mid-February
2018 in an upland hardwood forest in a common-garden experiment away from the bole of trees
but under intact canopy. One bag per treatment was removed at each time step (0, 3, 6, 9, 12
months). Three additional pickups are scheduled for August 2019, February 2020, and February
2021. Bags were returned to the lab, and external debris was removed so that only original leaf
litter remained. Contents of each bag was oven dried at 60°C for 48 hr then weighed to determine
the oven-dry mass. I also performed a loss on ignition analysis to determine ash-free dry mass
and correct for inorganic sediment contamination in decomposition bag samples. Litterbag
contents were ground and homogenized, and a 1.0-1.1 g subsample was oven dried at 60°C for
48 hr. After the oven-dry weight was recorded, I placed samples in a muffle furnace at 500°C for
4 hr. After cooling, each sample was reweighed, and the percentage of sediment in each
subsample was scaled up to the weight of the contents of the decomposition bag.
Table 1.1
Non-oak
Litter (%)

Leaf litter mixture composition by species
Oaks

Non-oaks

southern red oak
post oak
winged elm
sweetgum
hickory
0
0.50
0.50
0.00
0.00
0.00
33
0.33
0.33
0.11
0.11
0.11
66
0.17
0.17
0.22
0.22
0.22
100
0.00
0.00
0.33
0.33
0.33
Proportion of leaf litter by species used in mixed species moisture dynamics and decomposition
experiments and using litter collected at Spirit Hill Farm in northern Mississippi during fallwinter 2017-2018.
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Statistical analysis
Leaf traits were compared using a Kruskal-Wallis non-parametric test followed by a
Dunn test because data were not normally distributed. Because I expected leaf litter traits to be
highly correlated, I performed a principal component analysis (PCA) to avoid any issues with
multicollinearity. I first conducted correlation analysis to confirm high correlation among
measured leaf traits. Next, traits were combined into uncorrelated principal components using a
PCA, and the Bartlett test of sphericity and the Kaiser-Meyer-Olkin measure of sampling
adequacy (KMO) were used to ensure PCA performance. I also performed a permutational
multivariate analysis of variance with 999 permutations (PERMANOVA; Anderson, 2001) using
the adonis function in the vegan package to understand differences in the centroid locations of
each species (Oksanen et al, 2019). Additionally, I analyzed the multivariate homogeneity of
dispersion of each species using the betadisp function in the vegan package to determine if there
were significant differences ( = 0.05) in the multivariate spread of individual leaves around the
centroid location of each species and a Tukey-Kramer HSD test to test for pairwise differences in
dispersion among species.
Fuel moisture content for each fuelbed at each drying time was calculated using mt =
(masst - massod)/(massod), where mt is the moisture content at time t, masst is the litter mass at
time t, and massod is the oven-dry mass of the litter. Fuel moisture content was then converted to
relative moisture content (Fosberg, 1970) using the following equation: E = (mt-me) / (mi-me),
where E is relative moisture content, mt is moisture content at time t, me is equilibrium moisture
content, and mi is initial moisture content. Litter drying typically exhibits multiple distinct time
lags with the most moisture loss occurring in the first time lag that corresponds to 63% of
moisture loss of the most easily evaporable moisture (Nelson and Hiers, 2008), so I used
9

piecewise polynomial curve fitting using the function segmented in the package segmented to
separate the drying curve into two time lags and determine response time for the first time lag
(Viney and Catchpole, 1991; Muggeo, 2008; Kreye et al., 2013).
To understand impacts of increasing non-oak litter proportion in leaf litter mixtures, I
regressed percent non-oak leaf litter with initial moisture content and with response time. Initial
moisture content of single species litterbeds did not meet parametric test assumptions and
therefore required the use of the Kruskal-Wallis non-parametric test with Bonferroni correction
followed by a Dunn test. Significant differences in response time among species were
determined using a one-way ANOVA followed by a post-hoc Tukey-Kramer HSD when
significant differences were detected ( = 0.05). I also assessed whether litter mixtures exhibited
non-additive or additive effects during moisture retention. Effect sizes were calculated as the
(observed-expected)/expected value * 100 for initial moisture content and response time where
the expected values were calculated as the mass-based average of the individual species
responses.
Decomposition rates were described using a single exponential decay model (Olson
1963) of Mt = M0e-kt, where Mt is the mass of litter at time t, M0 is the initial mass of litter, k is
the decomposition constant, and t is time since installation of litter bags. Higher k-values indicate
quicker decomposition. I used an ANOVA to examine differences in mass remaining. The
ANOVA was performed on logit transformed percent mass remaining values (Warton and Hui,
2011), but untransformed values are presented. A Tukey-Kramer post-hoc test was performed
when significant differences ( = 0.05) were detected. Statistical analyses were conducted in R
v. 3.5.0 (R Development Core Team, 2019).
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Results
Post oak and southern red oak leaves were the thickest and had the lowest specific leaf
area compared to other species (P < 0.0001; Table 1.2). The leaf surface area of post oak was
~5.3 times the surface area of winged elm, which had the smallest leaves (P < 0.0001). There
was less distinction among species with regards to curl, but winged elm had significantly flatter
leaves than all other species (P < 0.0001). Combining measured leaf physical characteristics
using a PCA resulted in three principal components each with eigenvalues > 1 and was
confirmed by a Bartlett test (3548; P < 0.001) and a KMO (overall MSA = 0.63). The three
principal components explained a cumulative variance of 86.8%. Principal Component 1 loaded
strongly on mass (0.42), volume (0.41), and perimeter (0.37) (Table 1.3; Figure 1.1). Principal
Component 2 loaded strongly on SA:V (0.52), thickness (-0.44), and LDI (0.34), and Principal
Component 3 loaded strongly on curl (0.50), area (-0.41), and LDI (0.38). The PERMANOVA
indicated that the species significantly differed in measured leaf characteristics (F = 67.9; P =
0.001), and the multivariate analysis of homogeneity of variance revealed significant differences
in the spread around the centroid of each species (F = 32.2; P < 0.0001). A post-hoc TukeyKramer HSD revealed that all pairwise comparisons were significantly different in dispersion (P
< 0.001) except southern red oak and post oak (P = 0.83), winged elm and southern red oak (P =
0.80), and winged elm and post oak (P = 0.99).
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Table 1.2

Leaf physical characteristics

LDI
8.25
(0.19)a

tissue
density
(g cm-3)
0.42
(0.01)ac

curl
(cm)
2.2
(0.1)bd

SA:V
38.1
(1.12)b

100.68
(2.13)a

11.5
(0.23)b

0.40
(0.009)ab

3.3
(0.2)a

40.2
(1.12)b

0.20
(0.02)c
0.29
(0.03)bc

144.63
(6.58)b
183.98
(12.23)bc

5.84
(0.08)c
9.27
(0.15)a

0.37
(0.01)b
0.48
(0.03)c

2.2
(0.1)b
2.9
(0.2)ad

51.5
(2.20)c
81.8
(4.78)a

0.2
(0.01)d

0.06
(0.004)d

201.13
(7.27)c

6.62
(0.07)c

0.31
(0.01)d

1.3
(0.1)c

61.7
(1.59)a

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

130, 4

160, 4

170, 4

130, 4

200, 4

84, 4

97, 4

130, 4

Species

surface
area (cm2)

perimeter
(cm)

thickness
(mm)
0.27
(0.01)a

post oak

62.5 (3.3)a

63.8 (2.0)a

southern red
oak

34.3 (1.5)bc

66.9 (2.3)a

0.26
(0.01)a

hickory

29.0 (3.4)b

29.3 (1.6)b

sweetgum

40.0 (3.0)c

57.7 (2.8)a

winged elm

11.8 (0.7)d

P value
χ2, d.f.

volume
(cm3)

mass (g)
0.68
(0.03)a

SLA
(cm2 g-1)
91.97
(2.23)a

0.9 (0.1)b

0.35
(0.02)b

0.21
(0.01)b
0.15
(0.01)c

0.6
(0.01)c
0.6
(0.01)c

22.3 (0.7)b

0.17
(0.01)c

<0.0001

<0.0001

140, 4

170, 4

1.7 (0.1)a

Mean (± standard error) physical trait values measured on individual leaves (n = 50) collected from Spirit Hill Farm, MS. Values
followed by a common letter are not significantly different by a Kruskal-Wallis test followed by a Dunn test ( = 0.05). SLA,
specific leaf area; LDI, leaf dissection index; SA:V, surface area to volume ratio, χ 2, Kruskal-Wallis H-value, d.f., degrees of
freedom.
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Table 1.3
Variable
Surface area
Perimeter
Thickness
Mass
LDI
SLA
Volume
Density
SA:V
Curl

Leaf trait principal component analysis eigenvectors
PC 1
0.35
0.37
0.33
0.42
0.23
-0.35
0.41
0.11
-0.29
0.13

PC 2
0.24
0.37
-0.44
0.08
0.34
0.30
0.01
0.26
0.52
0.26

PC 3
-0.41
-0.12
0.14
-0.24
0.38
-0.30
-0.33
0.37
-0.14
0.50

% variance explained 48.4
18.9
14.1
Eigenvectors from principal component analysis of leaf characteristics measured on leaves
collected from upland hardwood stands at Spirit Hill Farm, MS. SLA, specific leaf area; LDI,
leaf dissection index; SA:V, surface area to volume ratio.

Figure 1.1

Leaf trait principal component analysis biplot

Biplot of results of principal component analysis (PCA) of measured traits of 50 leaves of five
species collected at Spirit Hill Farm in north MS. Points indicate individual leaves measured, and
vector arrows represent traits measured. The length of the arrows indicates the strength of the
correlation with principal components. Principal Component (PC) 1, which explains the most
variation, is negatively correlated with surface area:volume ratio (SA:V) and specific leaf area
(SLA) and positively correlated with density, curl, leaf dissection index (LDI), perimeter, area,
mass, volume, and thickness.
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As expected, litter mixtures that contained more non-oak leaf litter gained more moisture
initially relative to mixtures that contained primarily oak litter (Figure 1.2). Litter mixtures
containing 100% non-oak litter had an average initial moisture content that was ~1.6x that of
litter mixtures containing 0% non-oak litter (Table 1.4). Initial moisture content exhibited a
strong positive linear relationship with percent non-oak leaf litter (R2 = 0.92; P < 0.0001; Figure
1.3). Litter mixtures with 0% non-oak litter had the quickest response time (1.9 hr), but response
time was weakly influenced by percent non-oak leaf litter (R2 = 0.02; P = 0.07). Among single
species litterbeds, oaks gained more moisture than non-oaks and lost moisture more quickly
(Figure 1.4). Southern red oak had the lowest initial moisture content (283.8%) while winged
elm had the highest (449.5%; P < 0.0001; Table 1.4). Response time showed similar trends, with
southern red oak exhibiting the quickest response time (3.0 hr) and winged elm the slowest (6.4
hr; P = 0.0048; Table 1.4). Calculated effect sizes from mixed species and single species
moisture experiments showed that primarily non-additive effects were produced by mixed
species litter. Observed initial moisture content was lower than expected in species mixtures
dominated by oaks, but effect size was low in species mixtures of 66% and 100% non-oak litter
(0.1% and 0.4%, respectively; Table 1.5). Response time produced much larger effect sizes, with
100% non-oak leaf litter producing the largest effect size of a 50% quicker response time than
expected (Table 1.5).
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Table 1.4

Initial moisture content and response time from litter soaking and drying
experiment

Litter type
Litter mixture
(% non-oak litter)
0
33
66
100
P value
R2

Initial moisture
content (%)

Response time (hr)1

266.2 (7.9)
319.8 (6.2)
374.9 (6.1)
421.9 (11.5)
< 0.0001
0.92

1.9 (0.1)
2.4 (0.1)
2.2 (0.1)
2.4 (0.2)
0.07
0.02

Single species
Southern red oak 283.8 (0.6)a
3.0 (0.4)a
Post oak
288.8 (3.7)a
3.3 (0.6)a
b
Sweetgum
393.8 (10.9)
3.8 (0.3)a
Hickory
428.5 (5.0)bc
4.3 (0.3)ab
c
Winged elm
449.5 (4.1)
6.4 (0.9)b
P value
< 0.0001
0.0048
Initial moisture content and response time (mean (± standard error)) measured during litter
soaking and during experiments of single and mixed species leaf litter collected at Spirit Hill
Farm, MS from fall 2017 to winter 2018. Values sharing a common letter are not significantly
different as determined by a Kruskal-Wallis test followed by a Dunn test ( = 0.05; initial
moisture content) or one-way ANOVA followed by a Tukey-Kramer HSD ( = 0.05; response
time).
1
Response time measured as the time in hr necessary for litter to lose 63% of moisture and
transition from the first drying time lag to the second time lag as determined by piecewise
polynomial curve fitting.
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Table 1.5
Litter mixture
(% non-oak
litter)

Expected and observed initial moisture content and response time
Response time (hr)1

Initial moisture content (%)

% Effect
% Effect
Expected Observed
2
size
Size2
0
286
266
-7.1
3.1
1.9
-39.7
33
329
320
-2.7
3.7
2.4
-34.7
66
374
375
0.1
4.2
2.2
-48.0
100
424
422
0.4
4.8
2.4
-50.3
Expected and observed initial moisture content and response time measured during litter soaking
and drying experiments of mixed species leaf litter composed of oak and non-oak litter.
1
Response time measured as the time in hr necessary for litter to lose 63% of moisture and
transition from the first drying time lag to the second as determined by piecewise polynomial
curve fitting.
2
Effect size calculated as (observed value-expected value)/expected value*100.
Expected Observed

% Fuel moisture content

400

300

% Non−oak leaf litter

●
●
●
●
●

●
●

200

●

0
33
66
100

●

100
●

●

0
0

Figure 1.2

10

20
30
Time (hr)

●

40

50

Litter mixture moisture contents

Drying curves of mixed species litter collected at Spirit Hill Farm in north Mississippi during fall
2017-winter 2018 and soaked for 24 hr and dried for 48 hr under laboratory conditions
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450

●
●

2
R adj
= 0.92
P−value < 0.001

% Initial moisture content

●
●

400
●
●
●

●

●

350
●
●
●
●
●

300
●
●
●
●

250
●

0

Figure 1.3

33
66
% Non−oak leaf litter

100

Regression of initial moisture content and percent non-oak leaf litter

Relationship of percent non-oak leaf litter and initial moisture content measured during a leaf
litter soaking and drying experiment of mixed oak and non-oak leaf litter. Equation of line is
y=1.57x+267.74.
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●

●

●
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●
●

100

●
●

●
●

0
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Figure 1.4

post oak
southern red oak
hickory
sweetgum
winged elm

10
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30
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●

40
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Single species litter moisture contents

Drying curve of single species leaf litter collected at Spirit Hill Farm in north Mississippi during
fall 2017-winter 2018 and soaked in water for 24 hr and dried for 48 hr under laboratory
conditions.
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The decomposition study produced surprising results, with the 100% non-oak mixture
decomposing the slowest over one year of decomposition (k = 0.63), although the 0% non-oak
mixture was similar (k = 0.64; Figure 1.5, Table 1.6). After three months of decomposition, the
0% non-oak mixture had the highest mass remaining (81.6%; P <0.001), but after one year,
however, the 33% non-oak mixture had the least mass remaining (45.2%; P < 0.001) and other
mixtures were not significantly different (Table 1.7). There was no clear trend across months of
litter decomposition.
Table 1.6

Litter mixture decomposition decay constants

Litter mixture
Decomposition decay constant
(% non-oak litter)
k (y-1)
R2 P value
0
0.64
0.86 <0.0001
33
0.78
0.96 <0.0001
66
0.68
0.91 <0.0001
100
0.63
0.90 <0.0001
Decomposition decay constants (k), coefficients of determination, and P values calculated based
on a single exponential decay model from a decomposition experiment of mixed species leaf
litter composed of oak and non-oak litter at Spirit Hill Farm, Mississippi.
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Table 1.7

Litter mixture decomposition percent mass remaining

Litter mixture
(% non-oak litter)
0
33
66
100

3 months
81.6 (1.0)a
75.6 (0.3)b
76.5 (0.5)b
71.5 (1.0)c

% mass remaining
6 months 9 months
63.0 (2.2) 54.4 (2.5)
63.1 (2.1) 52.8 (1.5)
59.8 (1.8) 55.3 (2.0)
63.9 (1.5) 57.5 (2.4)

12 months
54.7 (0.8)a
45.2 (1.2)b
50.3 (1.2)a
51.1 (1.4)a

P value
< 0.0001
0.5
0.5
< 0.001
Percent mass remaining of mixed species leaf litter composed of oak and non-oak litter after 3, 6,
9, and 12 months of decomposition during a traditional decomposition experiment at Spirit Hill
Farm, Mississippi. Values sharing a common letter within a column are not significantly
different as determined by an ANOVA performed on logit transformed percent mass remaining
values and a Tukey-Kramer post-hoc test performed when significant differences ( = 0.05)
were detected.

% Mass remaining

100

●

80
●

% Non−oak leaf litter
0
● 33
66
100

●

60
●
●

0

Figure 1.5

3

6
Month

9

12

Litter mixture decomposition

Mass remaining of 0, 33, 66, and 100% non-oak leaf litter mixtures during a one-year
decomposition study at Spirit Hill Farm, Mississippi. Error bars represent standard errors.
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Discussion
This study illustrates differences in litter traits and moisture dynamics that likely
influence litter flammability and related processes in upland oak forests experiencing decreases
in oak dominance and increases in fire-sensitive non-oaks. When compared to non-oaks, oaks
had traits associated with higher flammability in the literature, including larger, thicker leaves
with a lower surface area to volume ratio and lower specific leaf area (Schwilk and Caprio, 2011;
Engber and Varner, 2012; Varner et al., 2015). Litter traits are consistent with other studies’
findings that fire-sensitive species produce litter that exhibits traits associated with lower
flammability (Engber and Varner, 2012; Grootemaat et al., 2017 and altered moisture dynamics
(Kreye et al., 2013). These three non-oaks exhibited greater moisture gain and a slower drying
rate than oaks, which could dampen flammability in stand-level, field conditions. Mixed species
litterbeds with increasing non-oak proportion exhibited increased initial moisture content as
expected given the behavior of single species litterbeds. These trends are consistent with findings
of other studies that examine the fuel moisture dynamics of litter of fire-sensitive and firetolerant species (Kreye et al., 2013, 2018). I expected to find slower moisture loss rate with
increasing percent non-oak leaf litter, but I instead found no significant relationship. Observed
response time was up to half the expected response time based on individual species values.
Related non-additive effects have been documented in litter flammability (Varner et al., 2017;
Zhao et al., 2016, 2019), with the most flammable species controlling the flammability of
mixtures (de Magalhães and Schwilk, 2012). Drying rates of mixed litter types could potentially
behave similarly where the species with the quickest response time controls the response time for
the mixture through increased fuelbed depth and decreased bulk density created by curlier, larger
leaves. I did not find strong evidence for non-additivity in initial moisture content, which may be
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caused by the flattening of leaves during soaking that would negate any impacts of leaf structure
on moisture gain.
Nowacki and Abrams (2008) referred to mesophytes as fire-sensitive, shade-tolerant
species that create cooler, moister, less flammable forest conditions, but I propose that firesensitive non-oaks including those studied here (sweetgum, hickory, and winged elm) may also
alter stand conditions and serve as fire-modifiers. Although not strictly fire-intolerant, sweetgum
is increasing in many upland oak forests in the eastern U.S., particularly in the southeastern U.S.
(Surrette et al., 2008), likely due to a fire suppression and land use changes (Brewer, 2001). A
pioneer species, sweetgum is able to resprout following topkill (Kormanik and Brown, 1967) but
is effectively controlled using growing season fires (Ferguson, 1961). I expected sweetgum leaf
characteristics to be most similar to hickory and winged elm because of its ability to persist in
fire-excluded forests and potentially alter stand conditions, but curl, leaf dissection, and
perimeter were similar to oaks. Sweetgum did have significantly different spatial dispersion
around the centroid as determined by a multivariate analysis of homogeneity of variance, which
indicates variability in characteristics. This is potentially due to differences in slope position or
habitat that resulted in variation in leaf thickness or size. Although typically considered a
pyrophyte that is strongly associated with upland oak forests (Fralish, 2004; Kreye et al., 2018),
hickory was included as a fire-sensitive non-oak in this study. In north Mississippi, mockernut
hickory has increased survival and decreased mortality compared to presettlement conditions and
may replace oaks following overstory mortality (Brewer, 2015). Leaf trait and moisture
dynamics results indicate hickory is intermediate in leaf characteristics that may alter fire
dynamics, as its thickness, curl, and mass are between those of oaks and fire-sensitive species.
The initial moisture content and response time of hickory are similar to both oaks and other fire21

sensitive species, indicating hickory may facilitate an increase in winged elm, sweetgum, and
potentially other species via increased moisture and other mechanisms that potentially perpetuate
feedbacks between lowered flammability and increases in fire-tolerant species.
Litter mixture decomposition did not behave as expected given increased decomposition
of non-oaks in other studies (Blair and Crossley, 1988; Alexander and Arthur, 2014), but I lack
species-level data from SHF on decomposition of the non-oaks used in this study, winged elm,
hickory, and sweetgum. At the site of the decomposition study at SHF, the overstory is
dominated by oaks, and oak litter dominated the leaf litter layer. Although initial litter chemistry
largely controls decomposition, (Melillo et al., 1982) surrounding litter and soil chemistry and
microbial and arthropod communities also affect decomposition as well as the existing tree
overstory (Blair et al., 1990; Vivanco and Austin, 2008). There are likely other drivers of
decomposition dynamics observed here that were not measured and are masking clear results.
Conflicting results of mixed-species decomposition results are common (Gartner and Cardon,
2004), and further studies incorporating both single species and mixtures of those species are
needed.
Mesophication is likely occurring in upland oak forests across the eastern United States,
yet relatively little is known about drivers of these dynamics outside the Central Hardwood
Region. Other regions including north Mississippi are also likely experiencing a shift in species
composition and co-occurring issues with oak recruitment and regeneration (Brewer, 2015).
Extensive research has been conducted in Appalachian hardwood forests (Brose and Lear, 1999;
Alexander and Arthur, 2009; Green et al. 2010; Alexander and Arthur 2014), but less is known
about more southern forests where different species are potentially causing similar issues as in
the Central Hardwood Region. The three non-oaks examined here, sweetgum, hickory, and
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winged elm, are potentially analogous to red maple, black gum, and other species in the southern
Appalachians that are increasing in dominance and competing with oaks (Fei and Steiner, 2007;
Knott et al., 2018). Leaf traits and moisture dynamics, two mechanisms of altered flammability (
(Rothermel, 1972; Scarff and Westoby, 2006; Engber and Varner, 2012; Varner et al., 2015), are
demonstrated here to vary between oaks and non-oaks and may facilitate the increase and
persistence of these species.
Conclusions
In this study I manipulated litter composition based on overstory and midstory tree
species composition at SHF and examined moisture dynamics with laboratory experiments. I
found significant differences in initial moisture content and response time between oaks and nonoaks and a significant positive relationship between initial moisture content and proportion of
non-oak leaf litter but no trend with response time. Response time may interact with humidity or
solar radiation under field conditions, so future studies would benefit from examining litter
moisture in field conditions at varying humidity levels or solar radiation exposure given the
potential impacts of fire-sensitive non-oaks on stand conditions (Nowacki and Abrams, 2008).
Mesophication is hypothesized to create cooler, moister, more humid forests, and results of this
study suggest that fire-sensitive non-oaks produce smaller, thinner leaves with a lower surface
area to volume ratio that aggregate to form moister fuelbeds. These fuel conditions and other
stand conditions will likely continue to reduce fire ignition and spread probability and lower
overall forest flammability, favoring non-oaks at the expense of oak regeneration.

23

Literature Cited
Abràmoff, M.D., Magalhães, P.J., Ram, S.J., 2004. Image processing with imageJ. Biophotonics
Int. 11, 36–41.
Abrams, M.D., 2005. Prescribing fire in eastern oak forests: Is time running out? North. J. Appl.
For. 22, 190–196.
Abrams, M.D., 1992. Fire and the development of oak forests in eastern North America.
Bioscience 42, 346–353.
Abrams, M.D., 1990. Adaptations and responses to drought in Quercus species of North
America. Tree Physiol. 7, 227–238.
Abrams, M.D., Downs, J.A., 1990. Successional replacement of old-growth white oak by mixed
mesophytic hardwoods in southwestern Pennsylvania. Can. J. For. Res. 20, 1864–1870.
Albrecht, M.A., McCarthy, B.C., 2006. Effects of prescribed fire and thinning on tree
recruitment patterns in central hardwood forests. For. Ecol. Manage. 226, 88–103.
Alexander, H.D., Arthur, M.A., 2014. Increasing red maple leaf litter alters decomposition rates
and nitrogen cycling in historically oak-dominated forests of the eastern U.S. Ecosystems
17, 1371–1383.
Alexander, H.D., Arthur, M.A., 2010. Implications of a predicted shift from upland oaks to red
maple on forest hydrology and nutrient availability. Can. J. For. Res. 40, 716–726.
Alexander, H.D., Arthur, M.A., 2009. Foliar morphology and chemistry of upland oaks, red
maple, and sassafras seedlings in response to single and repeated prescribed fires. Can. J.
For. Res. 39, 740–754.
Anderson, H.E., 1970. Forest fuel ignitibility. Fire Technol. 6, 312–319.
Anderson, M.J., 2001. A new method for non-parametric multivariate analysis of variance.
Austral Ecol. 26, 32–46.
Arthur, M.A., Blankenship, B.A., Schörgendorfer, A., Alexander, H.D., 2017. Alterations to the
fuel bed after single and repeated prescribed fires in an Appalachian hardwood forest.
For. Ecol. Manage. 403, 126–136.
Babl, E.K., 2018. Could mesophyte canopy, bark, and leaf litter traits drive future flammability
of upland oak forests? Mississippi State University.
Blair, J.M., Crossley, D.A., 1988. Litter decomposition, nitrogen dynamics and litter
microarthropods in a southern Appalachian hardwood forest 8 years following
clearcutting. J. Appl. Ecol. 25, 683–698.
24

Blair, J.M., Parmelee, R.W., Beare, M.H., 1990. Decay rates, nitrogen fluxes, and decomposer
communities of single-and mixed-species foliar litter. Ecology 71, 1976–1985.
Bond, W.J., Keeley, J.E., 2005. Fire as a global “herbivore”: The ecology and evolution of
flammable ecosystems. Trends Ecol. Evol. 20, 387–394.
Bond, W.J., Woodward, F.I., Midgley, G.F., 2005. The global distribution of ecosystems in a
world without fire. New Phytol. 165, 525–538.
Brewer, J.S., 2015. Changes in tree species composition and stand structure in a mature upland
oak-dominated forest reflect differences in recruitment, survival, and longevity. Nat.
Areas J. 35, 550–556.
Brewer, J.S., 2001. Current and presettlement tree species composition of some upland forests in
northern Mississippi. J. Torrey Bot. Soc. 128, 332–349.
Brewer, J.S., Rogers, C., 2006. Relationships between prescribed burning and wildfire
occurrence and intensity in pine-hardwood forests in north Mississippi, USA. Int. J.
Wildl. Fire 15, 203–211.
Brooks, M.L., D’Antonio, C.M., Richardson, D.M., Grace, J.B., Keeley, J.E., Keeley, J.E.,
DiTomaso, J.M., Hobbs, R.J., Pellant, M., Pyke, D., 2004. Effects of invasive alien plants
on fire regimes. Bioscience 54, 677–688.
Brose, P., Lear, D. Van, 2004. Survival of hardwood regeneration using prescribed fires: The
importance of root development and root collar location, in: Spetich, M.A. (Ed.), Upland
Oak Ecology Symposium: History, Current Conditions, and Sustainability. Asheville,
NC, pp. 123–127.
Brose, P., Lear, D. Van, 1999. Effects of seasonal prescribed fires on residual overstory trees in
oak-dominated shelterwood stands. South. J. Appl. For. 23, 88–93.
Caldwell, P. V, Miniat, C.F., Elliott, K.J., Swank, W.T., Brantley, S.T., Laseter, S.H., 2016.
Declining water yield from forested mountain watersheds in response to climate change
and forest mesophication. Glob. Chang. Biol. 22, 2997–3012.
Cole, W.J., Dennis, M.H., Fletcher, T.H., Weise, D.R., 2011. The effects of wind on the flame
characteristics of individual leaves. Int. J. Wildl. Fire 20, 657–667.
Cornelissen, J.H.C., Grootemaat, S., Verheijen, L.M., Cornwell, W.K., van Bodegom, P.M., van
der Wal, R., Aerts, R., 2017. Are litter decomposition and fire linked through plant
species traits? New Phytol. 216, 653–669.
Cornwell, W.K., Elvira, A., van Kempen, L., van Logtestijn, R.S.P., Aptroot, A., Cornelissen,
J.H.C., 2015. Flammability across the gymnosperm phylogeny: The importance of litter
particle size. New Phytol. 206, 672–681.
25

de Magalhães, R.M.Q., Schwilk, D.W., 2012. Leaf traits and litter flammability: Evidence for
non-additive mixture effects in a temperate forest. J. Ecol. 100, 1153–1163.
Delcourt, H.R., Delcourt, P.A., 1997. Pre-Columbian Native American use of fire on southern
Appalachian landscapes. Conserv. Biol. 11, 1010–1014.
DeSantis, R.D., Hallgren, S.W., Stahle, D.W., 2011. Drought and fire suppression lead to rapid
forest composition change in a forest-prairie ecotone. For. Ecol. Manage. 261, 1833–
1840.
Dickinson, M.B., Hutchinson, T.F., Dietenberger, M., Matt, F., Peters, M.P., 2016. Litter species
composition and topographic effects on fuels and modeled fire behavior in an oakhickory forest in the eastern USA. PLoS One 11, 1–30.
Ellison, A.M., Bank, M.S., Clinton, B.D., Colburn, E.A., Ford, C.R., Foster, D.R., Kloeppel,
B.D., Knoepp, J.D., Lovett, G.M., Mohan, J., Orwig, D.A., Rodenhouse, N.L., Sobczak,
W. V, Stinson, K.A., Stone, J.K., Swan, C.M., Thompson, J., Von Holle, B., Webster,
J.R., 2005. Loss of foundation species: Consequences for the structure and dynamics of
forested ecosystems. Front. Ecol. Environ. 3, 479–486.
Engber, E.A., Varner, J.M., 2012. Patterns of flammability of the California oaks: the role of leaf
traits. Can. J. For. Res. 42, 1965–1975.
Engber, E.A., Varner, J.M., Arguello, L.A., Sugihara, N.G., 2011. The effects of conifer
encroachment and overstory structure on fuels and fire in an oak woodland landscape.
Fire Ecol. 7, 32–50.
Fei, S., Kong, N., Steiner, K.C., Moser, W.K., Steiner, E.B., 2011. Change in oak abundance in
the eastern United States from 1980 to 2008. For. Ecol. Manage. 262, 1370–1377.
Fei, S., Steiner, K.C., 2007. Evidence for increasing red maple abundance in the eastern United
States. For. Sci. 53, 473–477.
Ferguson, E.R., 1961. Effects of prescribed fires on understory stems in pine-hardwood stands of
Texas. J. For. 59, 356–359.
Fesenmyer, K.A., Christensen, N.L., 2010. Reconstructing Holocene fire history in a southern
Appalachian forest using soil charcoal. Ecology 91, 662–670.
Fonda, R.W., 2001. Burning characteristics of needles from eight pine species. For. Sci. 47, 390–
396.
Fosberg, M.A., 1970. Drying rates of heartwood below fiber saturation. For. Sci. 16, 57–63.
Fralish, J.S., 2004. The keystone role of oak and hickory in the central hardwood forest, in:
Upland Oak Ecology Symposium: History, Current Conditions, and Sustainability. pp.
78–87.
26

Gartner, T.B., Cardon, Z.G., 2004. Decomposition dynamics in mixed-species leaf litter. Oikos
104, 230–246.
Gill, A.M., Zylstra, P., 2005. Flammability of Australian forests. Aust. For. 68, 87–93.
Graham, J.B., McCarthy, B.C., 2009. Effects of fine fuel moisture and loading on small scale fire
behavior in mixed-oak forests of southern Ohio. Fire Ecol. 2, 100–114.
Green, S.R., Arthur, M.A., Blankenship, B.A., 2010. Oak and red maple seedling survival and
growth following periodic prescribed fire on xeric ridgetops on the Cumberland Plateau.
For. Ecol. Manage. 259, 2256–2266.
Grootemaat, S., Wright, I.J., van Bodegom, P.M., Cornelissen, J.H.C., 2017. Scaling up
flammability from individual leaves to fuel beds. Oikos 1–11.
Grootemaat, S., Wright, I.J., van Bodegom, P.M., Cornelissen, J.H.C., Cornwell, W.K., 2015.
Burn or rot: Leaf traits explain why flammability and decomposability are decoupled
across species. Funct. Ecol. 29, 1486–1497.
Hammond, D.H., Varner, J.M., Kush, J.S., Fan, Z., 2015. Contrasting sapling bark allocation of
five southeastern USA hardwood tree species in a fire prone ecosystem. Ecosphere 6, 1–
13.
Huddleston, J.S., 1967. Soil Survey of Tate County, Mississippi. USDA Soil Conserv. Serv.
Washington, D.C.
Hutchinson, T.F., Long, R.P., Ford, R.D., Sutherland, E.K., 2008. Fire history and the
establishment of oaks and maples in second-growth forests. Can. J. For. Res. 38, 1184–
1198.
Kane, J.M., Varner, J.M., Hiers, J.K., 2008. The burning characteristics of southeastern oaks:
Discriminating fire facilitators from fire impeders. For. Ecol. Manage. 256, 2039–2045.
Kane, J.M., Varner, J.M., Saunders, M.R., 2018. Resurrecting the Lost Flames of American
Chestnut. Ecosystems.
Knott, J.A., Desprez, J.M., Oswalt, C.M., Fei, S., 2018. Shifts in forest composition in the
eastern United States. For. Ecol. Manage. 433, 176–183.
Kormanik, P.P., Brown, C.L., 1967. Root buds and the development of root suckers in
sweetgum. For. Sci. 13, 338–345.
Kreye, J.K., Varner, J.M., Hamby, G.W., Kane, J.M., 2018. Mesophytic litter dampens
flammability in fire-excluded pyrophytic oak-hickory woodlands. Ecosphere 9.

27

Kreye, J.K., Varner, J.M., Hiers, J.K., Mola, J.M., 2013. Toward a mechanism for eastern North
American forest mesophication: Differential litter drying across 17 species. Ecol. Appl.
23, 1976–1986.
Kreye, J.K., Varner, J.M., Knapp, E.E., 2012. Moisture desorption in mechanically masticated
fuels: Effects of particle fracturing and fuelbed compaction. Int. J. Wildl. Fire 21, 894–
904.
Loucks, E., Arthur, M.A., Lyons, J.E., Loftis, D.L., 2008. Characterization of fuel before and
after a single prescribed fire in an Appalachian hardwood forest. South. J. Appl. For. 32,
80–88.
McEwan, R.W., Dyer, J.M., Pederson, N., 2011. Multiple interacting ecosystem drivers: Toward
an encompassing hypothesis of oak forest dynamics across eastern North America.
Ecography (Cop.). 34, 244–256.
McEwan, R.W., Hutchinson, T.F., Long, R.P., Ford, D.R., McCarthy, B.C., 2007. Temporal and
spatial patterns in fire occurrence during the establishment of mixed-oak forests in
eastern North America. J. Veg. Sci. 18, 655–664.
McLellan, T., Endler, J.A., 1998. The relative success of some methods for measuring and
describing the shape of complex objects. Syst. Biol 47, 264–281.
McShea, W.J., Healy, W.M., Devers, P., Fearer, T., Koch, F.H., Stauffer, D., Waldon, J., 2007.
Forestry matters: Decline of oaks will impact wildlife in hardwood forests. J. Wildl.
Manage. 71, 1717–1728.
Melillo, J.M., Aber, J.D., Muratore, J.F., 1982. Nitrogen and Lignin Control of Hardwood Leaf
Litter Decomposition Dynamics. Ecology 63, 621–626.
Mitchell, R.J., Hiers, J.K., O’Brien, J., Starr, G., 2009. Ecological forestry in the southeast:
understanding the ecology of fuels. J. For. 391–397.
Mola, J.M., Varner, J.M., Jules, E.S., Spector, T., 2014. Altered community flammability in
Florida’s Apalachicola ravines and implications for the persistence of the endangered
conifer Torreya taxifolia. PLoS One 9.
Muggeo, V.M., 2008. segmented: an R package to fit regression models with broken-line
relationships. R News. 8, 20-25.
Nelson, R.M., Hiers, J.K., 2008. The influence of fuelbed properties on moisture drying rates and
timelags of longleaf pine litter. Can. J. For. Res. 38, 2394–2404.
Nowacki, G.J., Abrams, M.D., 2008. The demise of fire and “mesophication ” of forests in the
eastern United States. Bioscience 58, 123–138.

28

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., Minchin, P.R.,
O'Hara, R.B., Simpson, G.L., Solymos, P., Stevens, M.H.H., Szoecs, E., Wagner, H.,
2019. vegan: Community Ecology Package. R package version 2.5-4.
Pausas, J.G., Ribeiro, E., 2017. Fire and plant diversity at the global scale. Glob. Ecol. Biogeogr.
26, 889–897.
Plucinski, M.P., Anderson, W.R., 2008. Laboratory determination of factors influencing
successful point ignition in the litter layer of shrubland vegetation. Int. J. Wildl. Fire 17,
628–637.
R Development Core Team, 2019. R: A language and environment for statistical computing.
Richards, J.D., Hart, J.L., 2011. Canopy gap dynamics and development patterns in secondary
Quercus stands on the Cumberland Plateau, Alabama, USA. For. Ecol. Manage. 262,
2229–2239.
Rothermel, R.C., 1972. A mathematical model for predicting fire spread in wildland fuels.
USDA For. Serv. Res. Pap. INT USA 40.
Scarff, F.R., Westoby, M., 2006. Leaf litter flammability in some semi-arid Australian
woodlands. Funct. Ecol. 20, 745–752.
Schwilk, D.W., 2003. Flammability is a niche construction trait: canopy architecture affects fire
intensity. Am. Nat. 162, 725–733.
Schwilk, D.W., Caprio, A.C., 2011. Scaling from leaf traits to fire behaviour: community
composition predicts fire severity in a temperate forest. J. Ecol. 99, 970–980.
Stambaugh, M.C., Varner, J.M., Noss, R.F., Dey, D.C., Christensen, N.L., Baldwin, R.F.,
Guyette, R.P., Hanberry, B.B., Harper, C.A., Lindblom, S.G., Waldrop, T.A., 2015.
Clarifying the role of fire in the deciduous forests of eastern North America: Reply to
Matlack. Conserv. Biol. 29, 942–946.
Surrette, S.B., Aquilani, S.M., Brewer, J.S., 2008. Current and historical composition and size
structure of upland forests across a soil gradient in north Mississippi. Southeast. Nat. 7,
27–48.
Varner, J.M., Kane, J.M., Kreye, J.K., Engber, E., 2015. The flammability of forest and
woodland litter: A synthesis. Curr. For. Reports 1, 91–99.
Varner, J.M., Kuljian, H.G., Kreye, J.K., 2017. Fires without tanoak: the effects of a non-native
disease on future community flammability. Biol. Invasions 19, 2307–2317.
Viney, N.R., Catchpole, E.A., 1991. Estimating fuel moisture response times from field
observations. Int. J. Wildl. Fire 1, 211–214.
29

Vivanco, L., Austin, A.T., 2008. Tree species identity alters forest litter decomposition through
long-term plant and soil interactions in Patagonia, Argentina. J. Ecol. 96, 727–736.
Warton, D.I., Hui, F.K.C., 2011. The arcsine is asinine: the analysis of proportions in ecology,
Ecology, 92: 3-10.
Wyse, S. V, Perry, G.L.W., Curran, T.J., 2017. Shoot-level flammability of species mixtures is
driven by the most flammable species: Implications for vegetation-fire feedbacks
favouring invasive species. Ecosystems, 1–15.
Zhao, W., Cornwell, W.K., van Pomeren, M., van Logtestijn, R.S.P., Cornelissen, J.H.C., 2016.
Species mixture effects on flammability across plant phylogeny: the importance of litter
particle size and the special role for non-Pinus Pinaceae. Ecol. Evol. 6, 8223–8234.
Zhao, W., Van Logtestijn, R.S.P., Van Hal, J.R., Dong, M., Cornelissen, J.H.C., 2019. Nonadditive effects of leaf and twig mixtures from different tree species on experimental
litter-bed flammability. Plant Soil 436, 311–324.

30

CHAPTER II
SHIFTING SPECIES COMPOSITION OF UPLAND OAK FORESTS ALTERS FUELBED
FLAMMABILITY
Abstract
In upland oak forests of the eastern United States, anthropogenic fire exclusion is thought
to be a major cause of increased dominance of firesensitive species and simultaneous oak
regeneration failure. Forests will likely become less flammable as firesensitive species become
more common, which may create cooler, moister understories through a hypothesized feedback
loop known as mesophication. Here, I examined how gradually shifting forest composition from
dominance by fire-tolerant oaks to dominance by fire-sensitive non-oak species affects forest
flammability. I implemented in-field experimental burns of four litter mixtures (0%, 33%, 66%,
and 100% non-oak litter) in north Mississippi and measured flame height, percent consumption,
heat index, and rate of spread. I then combined these metrics into an index of flammability using
principal component analysis. Flammability significantly decreased as the proportion of non-oak
leaf litter increased (R2 = 0.59, P < 0.001), and litter mixtures containing 0% fire-sensitive leaf
litter were ~ 4x as flammable as those containing 100% fire-sensitive leaf litter. These results
indicate that fuelbed flammability is altered by changes in species composition and may explain
a mechanism whereby fire-sensitive species create self-promoting conditions that are less
favorable for oak regeneration.
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Introduction
Fire is a major disturbance that largely drives plant diversity (Pausas and Ribeiro, 2017)
and shapes terrestrial ecosystem function worldwide through impacts on vegetation structure and
composition (Bond and Keeley, 2005). Properties of fuels produced by vegetation mediate
feedbacks between fire behavior, intensity, and severity and plant community composition
because of differences in structure, chemical composition, and moisture (Mitchell et al., 2009).
Variability in fuel flammability, or the ability of a fuel to ignite and burn (Anderson, 1970; Gill
and Zylstra, 2005), in addition to climate and topography, affects landscape fire regime and
behavior (Schwilk and Caprio, 2011), while vegetation type and structure determine fuels and, as
a result, flammability (Schwilk, 2003). Fire-maintained ecosystems occur throughout the world
and exist largely because of these feedbacks between the climate of the area, vegetation types,
and associated fire dynamics (Bond et al., 2005).
Historically, fire-maintained upland oak (Quercus) woodlands and forests were
prominent across the central and eastern United States and coexisted with fire which prevented
encroachment from competing species and encouraged oak seedling growth by maintaining
relatively open canopies (Abrams, 1992; Stambaugh et al., 2015). Unlike fire-sensitive species,
pyrophytic upland oaks possess many adaptations to fire including thick, rough bark (Hammond
et al., 2015), highly flammable leaf litter (Kane et al., 2008), and a seedling growth strategy that
favors below-ground storage of carbohydrates in roots rather than above-ground growth of leafy
shoots that would be easily killed by fire (Abrams, 1990; Brose and Lear, 2004). Additionally,
charcoal records from pond and bog sediments (Delcourt and Delcourt, 1997) and from soil
deposits (Fesenmyer and Christensen, 2010) suggest fire occurred in eastern forests for at least
approximately 4000 years, and historic fire scar analyses indicate frequent fire occurred during
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the establishment of current upland oak forests but were rare after the 1930s (McEwan et al.,
2007).
Due in part to fire exclusion beginning in the early 20th century, forests across North
America began to experience shifting species composition and structure. Open-canopy
woodlands transitioned to closed-canopy forests, woody species crowded the understory of
forests that previously had forb and grass dominated herbaceous layers, and fuels began to
accumulate (Abrams, 1992). Closed canopy conditions largely limited oak recruitment while
shade-intolerant species were able to successfully establish (Hutchinson et al., 2008). In recent
years, upland oaks decreased in importance value (average of relative density and relative
volume) while fire-sensitive species such as red maple (Acer rubrum L.) and winged elm (Ulmus
alata Michx.) increased in importance value (Fei and Steiner, 2007; Fei et al., 2011; Knott et al.,
2018).
When fire-maintained ecosystems including upland oak forests experience fire
suppression and exclusion, the fire-vegetation feedback loop is altered, and forests potentially
become less flammable (Nowacki and Abrams, 2008; DeSantis et al., 2011). As a result, firesensitive species increase in abundance, and fire-tolerant species are suppressed and eventually
replaced (Abrams, 1992; Nowacki and Abrams, 2008; DeSantis et al., 2011). This shift in
species composition from fire-tolerant species to fire-sensitive species likely causes a process
termed mesophication, whereby fire-sensitive species promote cooler, moister, less flammable
conditions that are conducive to their own growth and persistence at the expense of more firetolerant species (Nowacki and Abrams, 2008). While many fire-sensitive species are also shadetolerant (e.g. red maple and sugar maple (A. saccharum Marsh.)), several shade-intolerant or
moderately shade-tolerant species including tulip poplar (Liriodendron tulipifera L.) and
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sweetgum (Liquidambar styraciflua L.) are also able to recruit and persist in somewhat shaded
conditions (Abrams and Downs, 1990; Albrecht and McCarthy, 2006; Surrette et al.,
2008Richards and Hart, 2011). This shift in forest dynamics is likely a result of fire suppression
and exclusion as well as other factors including changing herbivore populations, land use
changes, and climatic changes (McEwan et al., 2011). Finer scale drivers of mesophication
potentially include changes in flammability, moisture dynamics, and water distribution that result
from changes in leaf litter characteristics and individual tree structure characteristics (Nowacki
and Abrams, 2008).
In upland oak forests, changes in forest flammability may occur given that leaf litter is
the primary carrier of fire (Brewer and Rogers, 2006; Arthur et al., 2017) and there is inherent
variability in flammability among species with differing fire tolerances (Kane et al., 2008;
Engber and Varner, 2012). Flammability is determined by an interacting suite of factors
including structural and chemical properties of leaves, litter moisture, and packing or physical
arrangement of the fuelbed (Varner et al., 2015). To allow for comparison across species,
flammability is typically measured on an individual leaf or small fuelbed scale using experiments
under laboratory conditions that control for variation in humidity and temperature (Fonda, 2001;
Kane et al., 2008; Cole et al., 2011; Engber and Varner, 2012; Varner et al., 2017; Kreye et al.,
2018). However, fire behavior is influenced by weather parameters and fuelbed characteristics
that are not easily replicated in a laboratory (Varner et al., 2015). There is currently a poor
understanding of how species compositional shifts influence flammability as measured in
outdoor field conditions.
Here, I seek to understand how increasing the contribution of leaf litter of fire-sensitive,
non-oak species influences forest flammability under field conditions. I evaluated burning
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characteristics during dormant season plot-level experimental burns of mixed-species leaf litter
from two upland oaks and three fire-sensitive non-oaks in an upland oak forest in north
Mississippi. I hypothesized that as the proportion of non-oak leaf litter increases and the amount
of oak litter decreases, flammability decreases due to smaller, flatter leaves of non-oak fuelbeds
that retain more moisture. By better quantifying the flammability of mixed non-oak and oak leaf
litter in field conditions, these results will clarify the role of different species on fire regimes and
decreased flammability that may be hindering upland oak regeneration and recruitment in the
eastern and central United States.
Methods
Study area
This study was conducted in an upland hardwood forest at Spirit Hill Farm (SHF;
34°41’N, 89°42’W), approximately 30 km west of Holly Springs, Mississippi. Leaf litter was
collected in upland hardwood stands with an overstory [≥20 cm diameter at breast height (DBH)]
with a total basal area of 21.3 m2 ha-1 and density of 210 trees ha-1. Oaks including southern red
oak (Quercus falcata Michx.; 30%) and post oak (Quercus stellata Wangenh.; 25%) comprised
most of the overstory density with minor contributions of sweetgum (9%), winged elm (9%), and
hickory (Carya spp. 14%). The midstory (10-20 cm DBH) density was 213 trees ha-1 and was
predominately winged elm (20%), hickory (Carya spp.; 19%), and sweetgum (23%) with minor
contributions of oaks (7%). Among oaks, southern red oak and post oak were the most abundant
seedling species (1072 seedlings ha-1 and 2057 seedlings ha-1, respectively). The most abundant
of all species in the seedling pool, however, were sweetgum (4674 seedlings ha-1) and winged
elm (4005 seedlings ha-1). Southern red oak and post oak were historically present in the area,
while sweetgum, hickory, and winged elm were rare but currently abundant (Brewer, 2001). The
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average annual temperature is 15.7 °C and ranges from 4.0 °C in January to 26.3 °C in July, and
the average annual precipitation is 1346 mm y-1 (NOAA 2017). Soils are of the ProvidenceRuston, Providence silt loam, and Ruston-Providence complexes and are described as
moderately well drained silty loams and sandy loams (Huddleston, 1967).
Litter collection and litterfall estimation
Leaf litter from the five most abundant species in the overstory and midstory was
collected from upland hardwood stands across SHF from November 2017 to February 2018.
Species included two oaks (southern red oak and post oak) and three fire-sensitive, non-oak
species (winged elm, sweetgum, and hickory). Freshly fallen leaf litter with no signs of
decomposition was collected from the Oi layer, air-dried, and stored in cardboard boxes until
processing. To estimate the per-square meter annual litterfall across the study area and the litter
mass needed for experimental burns, 15 ~2 x 2-m leaf litter nets were installed approximately 1.5
m above the forest floor in October 2017. Leaf litter in each net was collected monthly during
leaf fall, weighed, and returned to the lab. A subsample was collected in the field from each net,
weighed, dried at 60 °C for 48 hr, and weighed again to obtain an air-dry to oven-dry conversion
factor. I then calculated the estimated litterfall (234 g m-2 oven-dry mass) as the converted ovendry mass of the litter in each net divided by the area of each net.
Experimental burns
To determine the effects of increasing non-oak leaf litter contribution on flammability, I
implemented plot-level experimental burns at SHF. I used four treatments with four different
combinations of leaf litter with increasing contributions from non-oak leaf litter (0%, 33%, 66%,
and 100% non-oak litter; Table 2.1). Within mixed-species treatments, individual species
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proportions were based on the percent density of each species in the study area, with the 33%
non-oak mixture representing current stand conditions as described above in the study area
description. A total of 20 plots (4 treatments, 5 replicates) were installed in a representative
upland hardwood stand at SHF in mid-February 2018. Plots were located in areas with little to no
understory vegetation to reduce effects of microclimate on flammability, and any existing
vegetation was clipped and removed. The existing Oi horizon was removed using leaf blowers,
and 937 g (air-dry mass as determined using litterfall estimation above) of collected litter was
added to each 1.75 x 1.75-m plot. Treatments were randomly assigned to prevent bias due to any
slope or microsite variation. Plots were stabilized using 35.5 cm tall wire mesh around edges to
minimize loss of litter due to wind and prevent any additional litter inputs. Additionally, I
installed a 0.5-m firebreak around each burn plot using a leaf blower.

Table 2.1
Non-oak
Litter (%)
0
33
66
100

Leaf litter mixture composition by species
Oaks
southern red oak
0.50
0.33
0.17
0.00

post oak
0.50
0.33
0.17
0.00

winged elm
0.00
0.11
0.22
0.33

Non-oaks
sweetgum
0.00
0.11
0.22
0.33

hickory
0.00
0.11
0.22
0.33

Proportion of leaf litter by species in litter mixtures used in experimental burns conducted at
Spirit Hill Farm in northern Mississippi during March 2018.
Plots were ignited on March 9, 2018 between 1300 and 1530 under stable weather
conditions. Four pyrometers were installed in each plot in four quadrants and were attached to
pin flags directly on top of the litter layer. Pyrometers were constructed using aluminum tags
painted with six Tempilaq fire-sensitive paints ranging from 79 °C to 510 °C (Tempil, South
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Plainfield, NJ) and covered with aluminum foil (Loucks et al., 2008). Pyrometers were removed
immediately following all burns and the maximum temperature was recorded as the highest
temperature indicated by the pyrometers. Prior to ignition, I removed a grab sample of leaf litter
to determine fuel moisture content and measured litter depth in the center of each quadrant of
each plot. Depths were converted to bulk density by dividing the total mass of leaf litter added
to the plot by the volume the litter occupied (depth multiplied by plot area). I also measured soil
moisture using a LI-8100A soil gas flux system (LiCOR Inc., Lincoln, NE, USA) equipped with
an ECH2O Decagon soil moisture probe (Decagon Devices, Inc., Pullman, WA, USA). Air
temperature, relative humidity, and wind speed were recorded using a pocket weather meter prior
to ignition of each plot. Each plot was ignited individually with a head fire using a drip torch (3:1
diesel:gas) along a single edge. One plot with 33% non-oak leaf litter was ignited first and with a
backing fire that did not spread; this plot was excluded from further analyses because other plots
were successfully ignited with a head fire. I measured several flammability metrics including
percent area burned, heat index, flame height, rate of spread, and flaming duration. I visually
estimated percent area burned as a proxy for area burned. Heat index was calculated as the mean
maximum temperature recorded using metal pyrometers divided by the ambient air temperature.
Flame height to the nearest 10 cm was visually estimated every 30 sec using a marked pole
adjacent to the plot. Rate of spread was determined by timing the fire’s spread from the ignition
edge to the center of the plot and opposite edge of the plot and dividing each distance by the
measured time. The flaming duration was measured as the total amount of time from the initial
ignition to extinction of a visible flame.

38

Statistical analysis
I first used linear regression to analyze the relationship between each flammability metric
and percent non-oak leaf litter. I expected flammability metrics to be highly correlated (Engber
and Varner, 2012; Varner et al., 2015) and confirmed this using correlation analysis. To
understand patterns in overall flammability and to avoid issues with multicollinearity, principal
component analysis (PCA) was performed using centered, scaled, and log-transformed values for
heat index, flame height, percent area burned, and rate of spread. Data used in the PCA were logtransformed to stabilize variance of each variable. I used Bartlett’s test of sphericity and the
Kaiser-Meyer-Olkin measure of sampling adequacy (KMO-index) to confirm the
appropriateness of conducting the PCA. After performing the PCA, principal components with
eigenvalues greater than one were retained, and each burn replicate’s Principal Component 1
score was used as a measure of overall flammability. I then used linear regression to evaluate the
impact of percent non-oak leaf litter on the flammability-related principal component scores.
Additionally, correlation vectors were fit to the PCA ordination space using the envfit function in
the vegan package (Oksanen et al. 2019) to understand the potential influence of fuel
characteristics, soil moisture, and weather variables on flammability (Wyse et al., 2017). All
statistical analyses were conducted in R v. 3.5.0 (R Development Core Team, 2019).
Results
Individually, all flammability metrics except total flaming duration exhibited negative
linear relationships with percent non-oak leaf litter. Rate of spread (R2 = 0.71; P < 0.001) and
flame height (R2 = 0.71; P < 0.001) were most strongly correlated with percent non-oak leaf litter
and decreased as percent non-oak leaf litter increased (Table 2.2). Area burned (R2 = 0.43; P =
0.001) and heat index (R2 = 0.56; P < 0.001) were less strongly but still significantly correlated
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with percent non-oak leaf litter and also decreased as percent non-oak leaf litter increased (Table
2.2).
Table 2.2

Experimental burn flammability metrics

Non-oak
Flame
Heat index
Area
Rate of spread
Total flaming
litter (%)
height (cm)
(ºC ºC-1)
burned (%)
(m min-1)
duration (s)
0
22.4 (1.2)
13.9 (1.7)
91.8 (2.4)
2.1 (0.2)
179.6 (14.7)
33
17.6 (0.6)
13.9 (1.6)
83.8 (6.6)
1.5 (0.3)
245.0 (42.8)
66
18.2 (0.7)
10.9 (1.1)
81.0 (7.3)
0.9 (0.1)
278.6 (22.2)
100
12.2 (0.6)
4.2 (0.8)
43.0 (12.9)
0.4 (0.1)
227.0 (67.6)
Mean values (± standard error) of flammability metrics measured during experimental burns of
mixed non-oak and oak litter conducted at Spirit Hill Farm, Holly Springs, MS.
Flammability metrics (except total flaming duration) were strongly correlated, which
justified conducting a PCA. Flaming time was weakly correlated with other variables (i.e. rate of
spread, r = -0.19; heat index, r = 0.04) and was excluded from the PCA because variance
explained was maximized without flaming time. Heat index and flame height (r = 0.81) and heat
index and percent area burned (r = 0.81) were the most strongly correlated. Combining heat
index, rate of spread, percent area burned, and flame height using a PCA resulted in two
principal components and was confirmed by the Bartlett test (48.05, P < 0.001) and the KMO
index (Overall MSA = 0.84). Principal Component 1 and Principal Component 2 of the PCA
explained 87.9% and 6.0% of the variation in the dataset, respectively (Table 2.3, Figure 2.1).
Principal Component 1 was loaded strongly on percent area burned (0.51) and heat index (r =
0.51) while Principal Component 2 loaded strongly on rate of spread (r = -0.58) and flame height
(r = 0.71) (Table 2.3). More flammable, oak-dominated mixtures had higher, more positive
Principal Component 1 scores while less flammable, non-oak dominated mixtures had lower,
more negative Principal Component 1 (Figure 2.1). A regression of Principal Component 1 and
percent fire-sensitive non-oak leaf litter revealed a significant relationship between flammability
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and non-oak contribution to the fuelbed (R2 = 0.59, P < 0.001, Figure 2.3). Fitting environmental
vectors (Table 2.4) onto the flammability ordination space indicated that bulk density was the
only potential explanatory variable that was significantly correlated with the principal
components (R2 = 0.55, P = 0.002; Table 2.5; Figure 2.3). Bulk density was negatively correlated
with Principal Component 1 (percent area burned and heat index; r = -0.50) and positively
correlated with Principal Component 2 (rate of spread and flame height; r = 0.87).
Table 2.3

Flammability principal component analysis eigenvectors

Variable
Rate of spread
Flame height
Area burned
Heat index

PC 1
0.49
0.49
0.51
0.51

PC 2
-0.58
0.71
-0.33
0.21

% variance explained
87.9
6.0
Eigenvectors from principal component analysis (PCA) of flammability metrics measured during
experimental burns at Spirit Hill Farm, Mississippi.
Table 2.4
Non-oak
litter
(%)
0
33
66
100

Experimental burn environmental and fuelbed variables
Wind
speed
(m s-1)
1.9 (0.2)
1.5 (0.3)
1.8 (0.1)
2.1 (0.4)

Air
temperature (ºC)
19.8 (0.2)
20.4 (0.6)
20.2 (0.4)
19.8 (0.6)

Relative
humidity
(%)
23.8 (0.8)
24.3 (1.6)
24.7 (1.2)
22.5 (1.0)

Soil volumetric water
content
(m3 m-3)
0.48 (0.01)
0.48 (0.01)
0.49 (0.01)
0.49 (0.01)

Gravimetric fuel
moisture content
(%)
8.18 (1.66)
12.50 (6.22)
7.61 (3.76)
16.60 (5.96)

Litter bulk
density
(kg m-3)
6.08 (0.58)
7.36 (0.99)
7.12 (0.71)
8.51 (1.15)

Mean values (± standard error) of environmental variables and fuelbed characteristics measured
during experimental burns of mixed non-oak and oak litter conducted at Spirit Hill Farm, Holly
Springs, MS.
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Table 2.5

Correlations between principal components and environmental and fuelbed
variables

Variable
PC 1
PC 2
R2
P value
Wind speed
-0.99 -0.60
0.24
0.115
Air temperature
0.53 -0.85
0.09
0.492
Relative humidity
0.24
0.97
0.16
0.264
Soil moisture
-0.26
0.96
0.28
0.076
Fuel moisture content -0.27 -0.96
0.13
0.327
Fuel bulk density
-0.50
0.87
0.55
0.002
Relationships between potential explanatory environmental and fuelbed variables and the first
principal components (PC) of the flammability PCA. Significance determined using 999
permutations using envfit.

Figure 2.1

Flammability principal component analysis biplot

Results of principal component analysis (PCA) of the flammability traits (flame height, rate of
spread (ros), heat index, percent area burned) measured during plot-level experimental burns of
mixed-species leaf litter at Spirit Hill Farm, Mississippi. Points are individual plots burned, and
vector arrows represent traits used when conducting the PCA.

42

2

2

●
●
●
●

●
●

●
●

●
●

0

PC 1

R adj = 0.59
P−value < 0.001

●

●
●
●
●
●

−2

●

−4

●

−6

0

33

66

100

% Non−oak leaf litter

Figure 2.2

Regression of percent non-oak leaf litter and Principal Component 1

Relationship of percent non-oak leaf litter and Principal Component (PC) 1 composed of
combined flammability metrics (rate of spread, percent area burned, flame height, and heat
index). Equation of line is y=-0.04x+1.90.

43

Figure 2.3

Flammability principal component analysis biplot with environmental variables

Biplot of principal component analysis of measured flammability characteristics (rate of spread,
percent area burned, flame height, and flame height). Points indicate individual plots burned,
while vector arrows represent potential explanatory variables (bulk density (BD), soil volumetric
water content (VWC), relative humidity (RH), air temperature, fuel moisture content (FMC), and
wind speed). The length of the arrow indicates the strength of the correlation between the
variable and the principal component.
Discussion
This study illustrates that increasing dominance of non-oak, fire-sensitive species in
upland oak forests decreases flammability of leaf litter mixtures and may be a mechanism
whereby these species are altering fire regimes to create self-promoting conditions. Nowacki and
Abrams (2008) proposed that fire-sensitive species exclude fire from upland oak forests by
producing less flammable fuels and creating cooler, shadier understories. Results of this study
indicate that flammability tested under field conditions does decrease with increasing proportion
of non-oak leaf litter.
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Other studies also support the idea that shifts in species composition can alter community
flammability. For example, pyrophytic species invading mesic ravines in Florida from nearby
uplands exhibited higher flammability than species restricted to ravines, potentially shifting
flammability and risking future conditions for an endemic fire-intolerant conifer (Mola et al.,
2014). Invasive species are cited as modifying fire regimes by changing fuel arrangement and
availability (Brooks et al., 2004; Wyse et al., 2017), and diseases including sudden oak death
have the potential to shift successional trajectories via changes in flammability due to the loss of
a species (Varner et al., 2017). Kreye et al. (2018) use laboratory litter burning trials to define
decreased flammability due to increases in fire-sensitive species as a mechanism of
mesophication, and this study supports those finding.
As expected, rate of spread, percent area burned, flame height, and heat index decreased
with increasing percent non-oak leaf litter. Total flaming time did not have a significant
relationship with percent non-oak leaf litter, likely because non-oak-dominated plots either
burned very slowly or extinguished soon after ignition and did not consume much of the plot.
Despite this irregularity, relationships between other flammability metrics and non-oak leaf litter
contribution were as expected. Two potential mechanisms of such dampened flammability
include increased moisture content and differences in leaf characteristics that lead to increased
bulk density (Kreye et al., 2013; Varner et al., 2015, McDaniel et al., In preparation ). In this
study I measured fuel moisture content, bulk density, soil moisture content, and various weather
parameters that may affect flammability. Notably, bulk density was the only factor that
significantly influenced flammability, indicating that inherent litter characteristics partially drive
flammability and validating laboratory studies of leaf characteristics and flammability (Engber
and Varner, 2012; Grootemaat et al., 2017; Kane et al., 2018). Findings of laboratory studies are
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consistent with observed field fire behavior (Engber et al., 2011; Engber and Varner, 2012), but
there is a poor understanding of the mechanisms of these trends and potential drivers (Varner et
al., 2015). Future studies would benefit from incorporating varying weather conditions to
understand how wind, humidity, and solar radiation affect field flammability compared to
measurements of flammability in controlled laboratory experiments. Additionally, litter at
various stages of decomposition likely burns with different flammability given impacts of leaf
litter chemical traits on both decomposition and flammability (Cornelissen et al., 2017). For
example, leaves with higher lignin concentrations burn with greater consumption (Grootemaat et
al., 2017) and decompose more slowly (Melillo et al., 1982). Additionally, fire temperatures
have been shown to increase with fuel load in upland oak forests (Graham and McCarthy, 2009),
so flammability will likely vary with season of burn and degree of litter decomposition.
Conclusions
In addition to changes in moisture retention capacity (Kreye et al., 2013), decomposition
and nutrient cycling (Alexander and Arthur, 2014), and hydrologic processes (Alexander and
Arthur, 2010; Caldwell et al., 2016), my results indicate that dampened flammability may be an
important mechanism of mesophication. This contributes to growing discussions and evidence of
mechanisms whereby fire-sensitive non-oaks may alter fire regimes (Kreye et al., 2013, 2018)
and create conditions conducive to their own growth and survival. It is imperative to begin
reintroducing fire soon to prevent further shifts toward fire-sensitive non-oaks. If fire or some
other management technique is not implemented soon, oaks may continue to lose dominance,
leading to the loss of a foundation genus (Ellison et al., 2005) that is relied upon heavily by
wildlife (McShea et al., 2007) and exerts a strong influence on water and nutrient cycling
(Alexander and Arthur, 2010, 2014). Efforts to reintroduce fire and utilize fire as a restoration
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tool may still be effective while oaks maintain overstory dominance and contribute leaf litter to
the fuelbed.
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